Abstract Chikungunya, Bthat which bends up^in the Makonde dialect, is an emerging global health threat, with increasing incidence of neurological complications. Until 2013, Chikungunya infection had been largely restricted to East Africa and the Indian Ocean, with cases within the USA reported to be from foreign travel. However, in 2014, over 1 million suspected cases were reported in the Americas, and a recently infected human could serve as an unwitting reservoir for the virus resulting in an epidemic in the continental USA. Chikungunya infection is increasingly being associated with neurological sequelae. In this study, we sought to understand the role of astrocytes in the neuropathogenesis of Chikungunya infection. Even after virus has been cleared form the circulation, astrocytes were activated with regard to TLR2 expression. In addition, white matter astrocytes were hypertrophic, with increased arbor volume in gray matter astrocytes. Combined, these would alter the number and distribution of synapses that each astrocyte would be capable of forming. These results provide the first evidence that Chikungunya infection induces morphometric and innate immune activation of astrocytes in vivo. Perturbed glia-neuron signaling could be a major driving factor in the development of Chikungunya-associated neuropathology.
Introduction
Chikungunya is a single stranded RNA virus of the Togaviridae family, the same family as Eastern and Western Equine Encephalitis viruses. The term Chikungunya comes from the Makonde dialect, Bthat which bends up,^referring to posture that many of those infected adopt due to the extreme pain during infection (Weaver and Lecuit 2015) . Previous outbreaks of the Chikungunya virus in Reunion and India infected over 1.5 million people (Lahariya and Pradhan 2006; Tsetsarkin et al. 2006) .
Until December 2013, Chikungunya infection had been largely restricted to East Africa and the Indian Ocean. This was when the first case of Chikungunya in the Western hemisphere was reported on Sint Maarten. As the Aedes mosquitoes that are responsible for the spread of the disease are also found in South and North America, there is no biological basis for this debilitating disease from becoming endemic in the USA. By the first half of 2014, there were over 1500 cases of Chikungunya reported in the Caribbean and Southern USA, with an accelerating incidence (www.cdc.gov/chikungunya). While most of the cases within the USA were reported to be from foreign travel, a recently infected human could serve as an unwitting reservoir for the virus resulting in an epidemic in the continental USA.
Following a bite from an infected Aedes mosquito (either Aedes albopictus or Aedes aegypti species), there is a brief incubation period of up to 10 days. Symptoms commonly include fever (up to 40°C), headache, nausea, edema, petechiae, and joint pain affecting multiple joints (Chhabra et al. 2008) . The fever commonly lasts for 2 days, but other symptoms including headaches and the characteristic prostration (for which the Makonde named the disease) can last for 5 to 7 days. Older patients have reported lingering joint pain for over 2 years after the initial symptoms (Simon et al. 2007) . The virus can be found in synovial macrophages for up to 16 months post initial infection . As both synovia and brain are immune privileged, we wondered what long-term effects Chikungunya infection would affect the brain of primates.
Chikungunya infection is associated with neurological sequelae , and new strains of the virus are apparently becoming increasingly neuropathogenic (Griffin 2010) . The Chikungunya virus can be detected in brain within 2 days of experimental infection (Fraisier et al. 2014 ). This infection induces increased expression of numerous genes associated with viral infection including IL-6 and TLR3 (Priya et al. 2014) . Both of these genes can be expressed by astrocytes during viral neuroinflammation, and astrocyte-derived cells have recently been shown to be capable of infection by Chikungunya virus (Abraham et al. 2013) .
In this study, we sought to understand the neuropathogenesis of Chikungunya infection. To this end, we examined frontal cortical brain tissues of cynomolgus macaques following subcutaneous infection with Chikungunya. In addition to detection of viral particles within brain tissues, we examined the innate immune activation of astrocytes and how this impacted their morphology and ability to form synapses.
We noted that even after virus has been cleared form the circulation, astrocytes were activated with regard to TLR2 expression. In addition, there was hypertrophy of white matter astroglial cell bodies, together with increased gray matter arbor volume and decreased branching of processes. Combined, these would alter the number and distribution of synapses that each astrocyte would be capable of forming, perhaps accounting for some of the pain felt during the infection and after the main infection is cleared.
Materials and methods

Infection of animals
As is routine for vaccine studies (Roy et al. 2014) , cynomolgus macaques (Macaca fascicularis) of similar age (>4 years) and weighing 3-6 kg, free of simian immunodeficiency virus (SIV), simian type D retrovirus (SRV), simian T-lymphotropic virus (STLV), and alphavirus antibodies against western (WEEV), Venezuelan (VEEV), eastern equine encephalitis (EEEV), Sindbis (SINV), Semliki Forest (SFV), and Chikungunya (assayed by hemagglutination inhibition), were used. The study was approved by the Institutional Animal Care and Use Committee at Tulane University, and all animals were handled in accordance with guidance from the American Association for Accreditation of Laboratory Animal Care.
For this study, seven animals received Chikungunya virus with a single subcutaneous inoculation in the upper deltoid of WT Chikungunya-La Reunion (5.0 log 10 plaque-forming unit (PFU) in a volume of 100 μL), as recently described (Roy et al. 2014 ). Animals were monitored by telemetry and serial blood draws for 35 days before necropsy was performed. Brain tissues were placed in 10 % zinc formalin for histopathological analysis. Control animals (n=3) were found in the extensive animal records database at TNPRC. As cynomolgus macaques are often used for vaccine studies, control animals with no experimental manipulations are, unfortunately, rare in our archive.
Immunofluorescence A standard technique was followed for immunohistochemistry to detect TLR2 and GFAP co-expression (Lee et al. 2014a ). Formalin-fixed, paraffin-embedded tissues were sectioned at 6 μm and mounted onto positively charged glass slides. Sections were baked for overnight at 60°C, deparaffinized in xylene, and then rehydrated in graded concentrations of ethanol. Antigen retrieval was carried out for 20 min using a steamer and a citrate-based antigen unmasking solution (Vector Labs, Burlingame, CA). Tissues were blocked in blocking buffer (Dako) for 1 h at room temperature before antibodies were applied. Tissues were incubated with TLR2 (ab24192, Abcam) and GFAP primary antibody (GA-5, Sigma) overnight at 4°C, washed three times with PBS with 0.2 % bovine serum albumin (Santa Cruz) (PBS/BSA), and then incubated in the dark for 60 min at room temperature with secondary antibodies directly conjugated with Alexa 488 (green) or Alexa 568 (red) (Molecular Probes/Invitrogen, Carlsbad, CA). Sections were washed three times in PBS/ BSA, cover-slipped with ProLong Gold with DAPI (Molecular Probes/Invitrogen), and imaged on a Nikon Eclipse TE2000-U microscope.
Quantification of astrocyte morphology
We performed an established protocol for astrocyte morphometric analyses (Lee et al. 2013a (Lee et al. , b, 2014a Snook et al. 2014; Renner et al. 2013 ). All samples were coded and analyzed randomly by a researcher blinded to animal number and condition. Images of non-overlapping fields in frontal cortical sections were captured by fluorescence microscopy at ×40 objective (Nikon Eclipse TE2000-U) and analyzed using Neurolucida software (MBF Bioscience). Protoplasmic gray matter astrocytes reside in layers 2-6 and are complex cells with numerous fine processes (Oberheim et al. 2012) . We randomly selected astrocytes from layers 3-5 for our analysis. Fibrous white matter astrocytes identified along white matter tracts are generally less complex and were chosen randomly in the area of the anterior cingulate cortex. The fibrous white matter astrocytes were located significantly away from the gray-white matter interface so as not to be mistaken for layer VI protoplasmic astrocytes. An average of ten astrocytes with clear cell bodies and processes in both gray and white matter were chosen for reconstruction. The cells chosen were fully intact and did not have processes that touched the edges of the field. The resulting files generated by 2D reconstruction were analyzed with Neurolucida Explorer (MBF Bioscience), generating data of morphological measurements such as cell area, branching points (nodes), arbor length, and volume.
Particle analysis in ImageJ
An unbiased, reproducible automated particle analysis method was employed to quantify the expression of TLR2 in frontal cortex of control macaques and macaques infected with Chikungunya virus using ImageJ (v1.48u4) software (Symes et al. 2013 ). Five to ten images per section were taken at ×20 objective. The following sequence of events was used to analyze acquired .tiff images:
(1) open image, (2) convert to 16-bit image, (3) set threshold, (4) analyze particle (size 0.5-infinity, circularity 0.00-1.00), (5) save image, and (6) save particle information (count, total area, average size, and area fraction) into an Excel spreadsheet. Units were defined as default ImageJ settings (pixels). Tests for normal distribution of the acquired data (D'Agostino and Pearson omnibus normality test) and subsequent statistical tests for significance of difference between TLR2 expression in controls and dengue fever-infected macaques were conducted using Student's unpaired t test or Mann-Whitney test. Significance was set at p<0.05.
Statistical analyses
Statistical analyses were performed using GraphPad Prism (version 5, GraphPad software, La Jolla, CA). Normality was assessed by Kolmogorov-Smirnov test, and data that passed normality were analyzed by two-tailed unpaired t test. Data that were not distributed normally were assessed by Mann-Whitney test to determine significance between groups. Results are expressed as mean±SEM. For all analyses, significance was set at p<0.05.
Results
Subcutaneous infection with La Reunion strain of Chikungunya results in seroconversion and replication-competent virus
To determine if cynomolgus macaques were productively infected following subcutaneous injection of La Reunion stain virus, we monitored virus, antibody responses (IgG and IgM), and temperature longitudinally (Roy et al. 2014) . Animals treated with the Chikungunya virus reached peak viremia between 4.0 and 6.0 log 10 PFU/mL by day 2 post-challenge. IgM specific to Chikungunya was apparent by 3 days post infection, peaking 13 days post infection. IgG responses were evident by day 6 post infection, continuing to increase throughout the course of this study (not shown). Body temperatures were followed by implanted subcutaneous radio telemetry transmitters (T34G-8; Konigsberg Instruments, Inc., Pasadena, CA). All infected animals exhibited hypothermia beginning 3-4 days, which was sustained for the duration of the study in 4/7 of the animals. Therefore, all of the animals that received subcutaneous Chikungunya became productively infected (as previously reported (Roy et al. 2014) ). Brain sections were stained for Chikungunya envelope glycoprotein (clone CHK48, BEI Resources, Manassas, VA). At time of necropsy (35 days post infection), there was no immune reactivity in any of the animals (results not shown).
Chikungunya infection leads to innate immune activation of astrocytes
We have previously shown increased levels of TLR2 on astrocytes following activation in bacterial, lentiviral, or behavioral diseases (Lee et al. 2013a (Lee et al. , b, 2014a ). As we anticipated infection of the CNS with Chikungunya (Priya et al. 2014; Fraisier et al. 2014; Abraham et al. 2013; Arpino et al. 2009 ), we attempted to determine cell types activated. As shown in Fig. 1 , there were diffuse puncta of TLR2 (green) staining throughout gray matter, in 2/3 controls (a) and all macaques infected with Chikungunya (b). It was noted that the double labeling was prominent perinuclearly and in primary processes. This was not nearly as bright as we have observed in SIV infection (Lee et al. 2014a) , but was present throughout gray matter. In the control animals, there was some double labeling, but this was present inconsistently. While much of the TLR2 was expressed on astrocyte processes, there was also TLR2 on areas that were GFAP immunonegative, suggesting other cell types expressed TLR2 also. Further studies would reveal precisely which cells.
Our previous studies with macaque infection have shown altered numbers of astrocytes and innate immune activation within gray and white matter (Lee et al. 2013a (Lee et al. , b, 2014b . Therefore, we set out to determine if similar changes in either numbers of astrocytes per unit area or proportion of astrocytes double positive for TLR2 was altered following infection with Chikungunya virus. We were surprised to note no changes in the number of GFAP+ cells per unit area in either gray (Fig. 2a) or white matter (Fig. 2b) . We were even more surprised to note that there was no significant change in the proportion of astrocytes that were double positive for TLR2 expression (Fig. 2c, d, p=0 .18 for white matter astrocytes). It should be noted that the basal proportion of TLR2-positive Fig. 1 Chikungunya infection induces qualitative changes in TLR2 expression. Control cynomolgus macaques (a) had diffuse expression of TLR2 (green), mainly on astrocytes (red). Following subcutaneous infection with Chikungunya, TLR2 expression became more pronounced, oftentimes in a perinuclear location (b) Fig. 2 Chikungunya infection affects TLR2 expression on astrocytes. There were no significant differences in GFAP expression in gray and white matter astrocytes of control animals and those infected with Chikungunya (a, b). Quantifying the subset of GFAP-positive astrocytes that were also positive for TLR2, we found no changes in double-labeled astrocytes after infection (c, d). There was an increase in the total area of TLR2 expression in the gray matter of infected animals (e). Data is shown as mean±SEM. Significance is set at *p<0.05 astrocytes in cynomolgus macaques was almost double that observed in other macaque species (Lee et al. 2013a (Lee et al. , 2014a . However, the density of the TLR2-positive puncta was significantly increased in gray matter (Fig. 2e) . Much of this was contained within astrocyte processes (see Fig. 1b ), but by no means all.
Chikungunya infection is associated with white matter astrocyte hypertrophy
To determine the nature of this innate immune activation on the astrocytes, we performed analyses of key morphometric parameters, as is routine in this group (Lee et al. 2013a (Lee et al. , b, 2014b Renner et al. 2013) . There was no change in the size of the cell body in gray matter astrocytes following subcutaneous infection with Chikungunya virus (Fig. 3a) . However, there was significant hypertrophy of white matter astrocytes (Fig. 3b) . This was in contrast to examinations of the processes emanating from the cell body. While the total length of arbor was not altered in either gray (Fig. 3c ) or white matter (Fig. 3d) , the gray matter processes were apparently swollen, with significantly increased volume of processes (Fig. 3e) . There was no alteration in the volume of white matter astrocyte processes (Fig. 3f) . Interestingly, the increased volume in gray matter processes was primarily found in the first-through third-order processes, indicating Fig. 3 Cell body hypertrophy of white matter astrocytes in macaques infected with Chikungunya virus. There was cell body hypertrophy in white matter astrocytes of animals infected with Chikungunya virus (b). There were no differences in total arbor length (c, d) and surface area (not shown) observed between Chikungunya-infected animals and controls. However, total arbor volume was increased in gray matter astrocytes of infected animals indicating hypertrophy or swelling of the processes (e). No significant changes were observed in the total arbor volume in white matter astrocytes (f). This hypertrophy was mainly confined to the first three branches (g). Data is shown as mean±SEM. Significance is set at *p<0.05 that the swelling was immediately outside the cell bodies, rather than in distal processes (Fig. 3g) . The only significant change in white matter astrocytes was in the secondorder branches (Fig. 3h) .
Chikungunya infection results in less complex astrocytes
The number of neuronal synapses an astrocyte can integrate with is directly proportional to the number of astrocyte tips. For this reason, we quantified the branching of astrocytes in both gray and white matter. While there were no alterations in the numbers of primary processes leaving astrocyte cell bodies in either gray (Fig. 4a) or white matter (Fig. 4b) , the pattern of branching of these processes was altered. Gray matter astrocytes were found to have fewer bifurcations (Fig. 4c) and tips (Fig. 4e) following Chikungunya infection. There were no such changes in white matter astrocytes (Fig. 4d, f) . To determine the nature of these increased branches in gray matter astrocytes, we examined the segment distribution. There were decreased numbers of bifurcations at the third through sixth branch orders (Fig. 4g) , indicating that the pruning of astrocyte processes occurred in existing astrocyte processes, rather than through loss or merging of processes. As Fig. 4 Decreased complexity of gray matter astrocytes in Chikungunya-infected macaques. There was no change in the number of processes leaving the cell bodies in either gray (a) or white matter (b) astrocytes. Gray matter astrocytes in CHIK-infected cynomolgus macaques had fewer bifurcations (c) and end points in their processes (e). These differences were not observed in white matter astrocytes (d, f). The decreased branching appeared to cluster between third-and sixth-order branches in gray matter (g). Data is shown as mean±SEM. Significance is set at *p<0.05 anticipated, there was no significant alteration in the branching pattern in white matter astrocytes (Fig. 4h) .
Discussion
Chikungunya is an emerging global health threat, with increasing incidence of neurological complications (Griffin 2010) . Cultured gliomas are capable of being infected with Chikungunya virus (Abraham et al. 2013) , and recent studies have demonstrated that cultured astrocytes and oligodendrocytes are highly susceptible to Chikungunya infection (Das et al. , 2015 . Astrocytes are commonly the first cells activated in brain following viral infection (Zlotnik 1968) . To determine how astrocytes within brain would be impacted, we performed a retrospective analysis of tissues available at the TNPRC archive.
In this study, we examined the innate immune activation of astrocytes following subcutaneous Chikungunya infection. This was followed up with measures of morphometric activation of gray matter astrocytes. Gray matter astrocytes had increased TLR2 expression, although the proportion of astrocytes double positive for GFAP and TLR2 was not altered.
Glial cells express several pattern recognition receptors (PRRs), including TLRs, involved in detecting viral particles as well as damage-associated molecular patterns (DAMPs; Hayakawa et al. 2012) . These cells can then be induced to express high levels of cytokines and chemokines in response to Chikungunya infection . Virus in the CNS upregulates several genes associated with the activation of the innate immune pathway (Priya et al. 2014) . TLRs 2, 3, 4, 7, 8, and 9 are known to be involved in antiviral immunity (Takeda and Akira 2005) . Specifically, TLR2 and TLR4 are activated by viral surface glycoproteins (Finberg and Kurt-Jones 2004) . Though we had observed significant innate immune activation in previous studies, we did not observe any changes in TLR2 staining in GFAP-positive cells in macaques infected with La Reunion strain Chikungunya virus compared to controls in either white or gray matter. Chikungunya is an ssRNA virus and replicates using a dsRNA intermediate. Therefore, potential PRRs for Chikungunya virus may include TLR3, which detects dsRNA, and TLRs 7 and 8, which are triggered by ssRNA (Schwartz and Albert 2010) . Gene profiling studies indicate that CNS infection with alphavirus is accompanied by upregulation of proinflammatory cytokines and chemokines as well as iNOS and TNF-alpha, which can have direct or indirect neurotoxic effects (Sharma et al. 2008) . Endogenous DAMP molecules released from damaged neurons can bind to TLR2 on nearby glia and, in turn, activate glial cells during CNS trauma and infection (Park et al. 2008) . It is interesting that there was no increase in the proportion of TLR2-immunopositive astrocytes, as each of our previous studies showing morphometric changes in astrocytes were combined with increased TLR2 expression (Snook et al. 2014; Lee et al. 2013a Lee et al. , b, 2014a , although this is the first study with cynomolgus macaques.
Morphometric experiments
We also performed measures of morphometric activation of gray and white matter astrocytes. White matter astrocytes had swollen cell bodies, but not processes, whereas gray matter astrocytes tended to have swollen cell processes but not cell bodies. Additionally, the gray matter astrocytes had fewer branches following Chikungunya infection, which did not alter the overall length of the astrocyte arbor.
Bioinformatic analysis of Chikungunya-infected rodents before and after infection showed alterations in processes involved in integrin signaling and cytoskeleton dynamics, which are involved in cell growth, immune response, and blood-brain barrier permeability (Fraisier et al. 2014) . These analyses also detected altered expression of proteins involved in integrin recycling and the maintenance of cellular adhesion, which could lead to bloodbrain barrier disruption, facilitating the migration of Chikungunya virus through the BBB (Allaire et al. 2013) .
The downstream effects of astrocyte activation have been reviewed recently . In summary, the composition and volume of the space between astrocytes is a function of the numbers and sizes of astrocytes (Shao et al. 1994 ). Excitotoxicity will lead to neuronal dysfunction (Ernst et al. 2010 ) and damage to synapses (Cisneros and Ghorpade 2012; Rossi 2012) . Retraction of astrocyte processes from the microvascular endothelium would impact the energy supply to the brain (Abbott et al. 2006) .
This study highlights the importance of astrocytes in Chikungunya neurological infection. Astrocyte activation and immune responses have increasingly become targets of therapeutic interventions in CNS injury and disease. Further research can evaluate potential disease markers and the development of new therapeutic targets to prevent innate immune activation in the CNS.
